Material damping ratio from free-vibration method. One important aspect of soil dynamics is attenuation or energy loses. This inherent dynamic property is essential in the analysis of soil behavior subjected to a dynamic load. Energy absorption in soils leads to the definition of an equivalent viscous damping ratio (D). In resonant column testing there are commonly two different approaches in measuring material damping: during a steady-state vibration (SSV), when the specimen is vibrated at its first mode; and during free-vibration decay (FVD). The study reports results associated with the small to medium strain range material damping from FVD method, i.e. there is a cut off the constant vibration of the specimen at resonance and the specimen is allowed to free-vibration mode while the decay strain amplitude during free-vibration is calculated. The experiments were conducted on cohesive soils (sasiCl, Cl, clSa) from various test sites located in Warsaw, Poland. All the specimens were subjected to torsional mode of vibration at their first natural frequency, at different mean effective stress. The authors paid particular attention to the number of successive cycles after the free-vibration of the material is initiated. They examined various propositions from the literature and compare the received damping values using different number of cycles of vibration. The results showed that the most stable values of material damping ratio can be obtained by selecting each time a line of best fit on the authors' choice of number of free-vibration cycles. However, the number of these cycles should not exceed 10.
INTRODUCTION
All real structures dissipate energy when they vibrate. The energy dissipated is often very small, so that an undamped analysis is sometimes realistic. However, when the damping is significant, its effect must be included in the analysis (Beards 1996) .
Damping is utilized to characterize the ability of structures or subsoil to dissipate energy during dynamic response. It is usually difficult to model damping exactly, due to the fact that damping does not relate to an unique physical process, but to a number of possible processes. Damping values depend on several factors, among these are, e.g. vibration amplitude, material, structural configurations, fundamental periods of vibration, mode shape, etc. (Bachmann et al. 1995) . In practice, several types of damping can be distinguished, i.e. hysteretic damping; viscous damping (velocity proportional damping); damping caused by wave scattering (scattering attenuation); radiation damping; numerical damping; damping as alternative (Yoshida 2015) .
The paper focuses on the velocity proportional damping (the viscous damping), which is caused when the material with viscosity vibrates. Viscous damping is a common form of damping which is found in many engineering systems. The viscous damping force is proportional to the first power of the velocity across the damper, and it always opposes the motion, so that the damping force is a linear continuous function of the velocity (Beards 1996) .
In the case of soils, it is well known that soils dissipate energy when subjected to cyclic loading such as that generated by earthquakes. This aspect of soil behaviour is commonly characterized in terms of a material damping coefficient which, for harmonic loading, can be measured in laboratory. There are two common measurements' methods, i.e. free-vibration decay (FVD) tests and stead-state vibration (SSV) tests (Lin 1988 ). Both methods are described in ASTM specification (1992) . Theoretically, both methods should give identical results, though in practice, they are usually close to each other. Stead-state (SSV) method is easier and quicker and it is generally always used, whereas free-vibration (FVD) method is applied for occasional spot-checking. The procedures for both techniques are independent of whether longitudinal or torsional motion is under consideration (ASTM 1992) .
The main objective of this paper is to report on the results of an experimental study relative to material damping from FVD method. For this purpose, samples of various cohesive soils (sasiCl, Cl, clSa) from various test sites located in Warsaw (Poland) are examined in a resonant column apparatus (RCA) in torsional mode of vibration to determine their damping ratio, denoted by D, using the following approach: there is a cut off the constant vibration of the specimen at resonance and the specimen is allowed to free-vibration mode while the decay strain amplitude during free-vibration is calculated.
DAMPING FROM FREE-VIBRATION DECAY METHOD
One of the most known devices to measure material damping is the resonant column apparatus. In the resonant column test a cylindrical specimen is excited in torsional steady-state vibration at its resonant frequency . After steady-state motion is established, the excitation power is rapidly halted, and the specimen is allowed to vibrate freely. The resulting free vibrations may be measured using the accelerometer mounted on the resonant column drive plate, as illustrated in Figure 1 .
Damping is determined by calculating a logarithmic decrement (δ) from the decay curve. The logarithmic decrement is defined as the natural logarithm of the ratio of amplitudes of vibration on successive cycles (Soból et al. 2015 ):
where:
x i -peak displacement on the i-th cycle; x i+1 -peak displacement on the next (i + 1) cycle.
In the most cases, the logarithmic decre ment is sufficient to describe material damping. However, for some geotechnical engineering applications damping is often expressed and reported in other forms, which are derived from δ. The most common form for this purpose is the damping ratio (D) which represents the fraction of critical damping for a viscously damped, single-degree-of--freedom system. The damping ratio is calculated using the following formula:
where: c -viscous damping coefficient; c c -critical damping coefficient.
Material damping ratio for a single--degree-of-freedom system can be estimated from the logarithmic decrement according to the equation (Lin 1988):
Additionally, in ASTM specification (1992) two kinds of damping ratio from free vibration are distinguished, namely the rod damping ratio (D L ) and the shear damping ratio (D T ). Subscripts L and T are used to relate the damping ratios to the type of vibration applied in their determination. It should be remembered that damping ratio obtained from longitudinal vibration is not the same as this one from torsional vibration.
The logarithmic decrement during damping testing is determined by plotting the peak amplitude against the number of cycles (Fig. 2) . In theory, this plot should be a straight line. The best fit slope of this line is equal to logarithmic decrement. The fit between 10 and 50 cycles is commonly used, according to RCA manual (GDS Resonant Column 2015) . ASTM specification (1992) says that the number of free vibration cycles must be 10 or less. Bolton and Wilson (1990) have suggested to use the last five powered cycles, Stokoe et al. (1999) three successive cycles and Senetakis et al. (2015) two successive cycles when the FVD method is applied for damping derivation. 
MATERIAL AND METHOD

Testing material
Six undisturbed soil samples (samples A, B, C, D, E, F -the table) from five different test sites located in Warsaw (Poland) were tested in this study. In accordance with Eurocode 7 (EN 1997), they represent the following soil types: clayey sand (clSa), clay (Cl) and sandy silty clay (sasiCl). Their grading curves are shown in Figure 3 . The first test site, from where samples A and D were collected, was located on one section of the expressway S2, between its two nodes: "Konotopa" and "Airport", w -the water content, w P -plastic limit, w L -liquid limit, I P -plasticity index, I L -liquidity index, I C -consistency index, ρ -mass density. The tested soil samples were extracted from different depths, from 2.0 m (sample A) up to approximately 10 m (sample B). They were in a stiff (ex. sample A) and very stiff (ex. sample B) consistency (PN-EN ISO 14688-1:2006/Ap2:2012). Sample B was a highly plastic soil, with a high plasticity index, sample Ea slightly plastic, with the smallest plasticity index, whereas all the resta medium plastic soil (PN-B-02480:1986) . Basic index properties of the specimens tested are shown in the table.
Resonant column method
In these research, the resonant column (RC) testing system was successfully employed, as a prime tool to investigate the viscous damping ratio of soil specimens in the shear strain range of 1.0 -4 -1.0 -2 %. The resonant column used is of Drnevich type and follows the fixed-free configuration. Details of the preparation of saturated samples and technical features of RC apparatus have been thoroughly described in Sas and Gabryś (2012), Gabryś et al. (2013) and Sas et al. (2015) .
After performing the torsional resonance test, the resonant frequency of each specimen was determined and automatically updated into the damping test parameters. Subsequently, a sinusoidal wave was applied to the soil. The coils were switched off completely when a defined amount of time was finished (the default was mostly 2 s, the exception is sample D). The drive system was left to vibrate free. Consequently, the resulting damping curve was measured. After the damping test was completed, every time the number of cycles for damping ratio calculations was adjusted. Therefore, the software produced a new value for logarithmic decrement, and next a new value for damping ratio. Moreover, in this study, only shear damping ratios were estimated.
Solid cylindrical specimens, with nominal diameter and height equal to 70 and 140 mm, respectively, were subjected to various isotropic mean effective stress (p'). For sample A, p' amounted to 45, 90, 135, 180, 225, 270 and 315 kPa, for sample B p' equalled 190 kPa, for sample C p' equalled 55, 110 and 165kPa, for sample D p' equalled 90 kPa, for sample E p' equalled 75, 150, 225, 300 and 375 kPa and for sample F p' equalled 50, 100 and 200 kPa. Regarding the number of successive cycles after the free-vibration of the specimen was initiated, different approaches were implemented. In the case of samples A, B, C and D, the proposal implicated in RCA manual was examined, i.e. between 10 and 50 cycles. For sample E, the proposal presented in ASTM specification was studied, i.e. 10 or less cycles. For sample F, the standard approaches of two and three successive cycles were checked. Additionally, concerning sample F, the authors chose each time a specific number of free-vibration cycles, which allowed them to calculate a straight line of best fit. However, no more than 10 cycles have been used here.
The results from the experimental program are presented and discussed next.
ANALYSIS OF THE TEST RESULTS
A variation in the shear damping ratio (D T ) with the shear strain (γ) for various number of successive cycles in FVD method for samples A, B and C is given in Figure 4 . Selected exemplary measurements obtained at different states of stress and application of a variable number of free vibration cycles, i.e. always 20 and additionally more (30, 40 and 50) or less (10) are presented here.
The test results clearly show that a smaller number of the cycles result in higher damping; the damping ratio reached a value close to 6% (sample B) and even to 10% (samples A and C).
The smallest values of D T , in the range of 1-2%, were obtained for 50 cycles. Regardless of the soil type (clayey sand, clay or sandy silty clay) and the mean effective stress, similar results were achieved for 20 cycles; D T amounted to 2 and 4%. In the case of samples A and C, a two-fold increase in D T values was recorded using an ever smaller number of cycles; as for sample B nearly four--fold increase.
It can be further observed that dynamic shear damping increases with an increase in strain amplitude. It is certainly a non--linear increase, very pronounced for 10 cycles, although the authors did not succeed in choosing the best match for these data. Importantly, it can be seen that for cycles number more than 20, the changes in D T values with increase in strain amplitude are almost unnoticeable The maximum increase in D T with increasing γ was registered for sample A and was around 8.7%, then for sample C 7.6% and next for sample B 5.4%. Similar observations can be drawn by analysing the results of sample D tests (Fig. 5) .
The average value of D T was obtained from different oscillation times of the specimen (2, 4 and 6 s) at a given strain level. According to the literature (Soból et al. 2015) , the damping ratio should increase curvilinear with the shear strain. Such a clear relationship can be noticed for D T calculated for 10 cycles. In addition, for 20 successive cycles, this trend can be still observed. However, the remaining data can be approximated with an almost horizontal straight line.
From Figures 4 and 5 , it can be concluded that when the FVD method is used for damping derivation, the wave between the 20th and the 30th cycle is completely damped. The damping ratio will not show any dependencies except for a further decrease with the increase in cycles number included in the calculation, which results in its incorrect underestimation. In the case of sample E, data of the last 10 (for shear strain less than 2⋅10 -3 %) and the last from 10 to 16 powered cycles (for shear strain more than 2⋅10 -3 %) as well as a succeeding decay of vibration, were recorded. The variation of the average damping ratio with strain for sample E is shown in Figure 6 . It is an example of modified box-and-whisker plot, where the centre point means the mean value of D T , the box itself was omitted, and only the whiskers left. The ends of the whiskers represent one standard deviation above and below D avg . Standard deviation (SDV) from the mean value of D T ranged of 0.04-0.36 at average number of cycles up to 10 and decreased to 0.03-0.21 at average number of cycles from 10 to 16. Comparing the average standard error of these two cases (Figs.  6a and 6b) , the same value was obtained, at the level of 0.01.
It should be noted that for the data points when the number of free-vibration cycles does not exceed 10, there is a very clear trend that D avg increases as γ increases. A power-law best fitting curve was proposed here with a coefficient of determination (R 2 ) of 0.96 (Fig.  6a) . For the data points when the number of free-vibration cycles was between 10 and 20, some monotonic trend could be also observed, but the mean values of D T were more scattered (Fig. 6b) . Hence, it seems correct to state after ASTM specification (1992) that for calculations of material damping from FVD method, the number of free-vibration cycles must be 10 or less.
Next, on sample F, the authors examined the proposition of Senetakis et al. (2015) to implement two successive cycles (Figs. 7a, 8a, 9a) , the suggestion of Stokoe et al. (1999) regarding three successive cycles (Figs. 7b, 8b, 9b ) and, for a comparison, their own selection of number of cycles, but up to 10, in order to have a line of best fit based on this choice (Figs. 7c, 8c, 9c) . In Figures 7,  8 and 9, typical dependences of the D T values on γ and p' can be observed. For sample F, for applied isotropic effective stresses from 50 to 200 kPa, D avg ranged, in general, from 7.93 to 8.77% as p' increased. While, along with the change in γ from 6.00⋅10 -4 to 5.81⋅10 -3 %, D avg increased by an average of 2.13-0.44%.
It was found that regardless of the number of cycles used in the calculation, the material damping from FVD method showed a power-law dependence on the shear strain. The exception were the results for the effective stress equal to 200 kPa (Fig. 9) . This was probably because of performing tests in the small-strain region, when the boundary of elastic-plastic deformations has not been exceeded yet. Hence, the presented results for p' = 200 kPa related more to the small-strain material damping ratio (D min ). When analysing the data illustrated in Figures 7 and 8 , the coefficient of determination (R 2 ) values for the power fitting presented in these figures increased together with the number of cycles. The best fit of the proposed model to the experimental data was obtained for the number of free vibration cycles up to 10, R 2 = 0.85 (Fig. 7c) and R 2 = 0.56 (Fig. 8c) . However, the smallest value of the standard deviation from the mean value of average damping ratio as well as the average standard error were achieved when three successive cycles were implemented. It is worth noting that these values were only by hundredths smaller than in other cases of different cycles number.
CONCLUSIONS
The study reported experimental results derived from torsional resonant column tests on saturated cohesive soils collected from various test sites in Warsaw (Poland). Particular focus of this paper was put on material damping values from the free-vibration decay method. The authors implemented here various approaches in order to calculate average damping ratio (D T ), differing from each other in the number of successive cycles after the free-vibration of the specimen was initiated.
It appeared that the number of free--vibration cycles should not exceed 10, as stated in the ASTM specification (1992) . Additionally, the most stable values of material damping ratio can be obtained by selecting each time a line of best fit on the authors' choice of number of free-vibration cycles.
The principle of the correct average damping ratio calculation will be as follows. Every time, when a damping test is carried out and the logarithmic decrement of the decay curve is calculated, the decay must be checked carefully and it must be precisely determined how many cycles are needed for the whole decay.
